We describe titanite with unusually high contents of Na, Nb, and Zr from a hydrothermal natrolite-rich vein cutting kalsilitenepheline syenite at Mount Rasvumchorr, Khibina peralkaline complex, in the Kola Alkaline Province, Russia. This titanite is associated with astrophyllite, ceriobetafite, yttrobetafite, henrymeyerite, and banalsite. We recognize four generations of titanite: nearly stoichiometric titanite-I, titanite-II, containing up to 16.4 wt.% Nb 2 O 5 (0.25 apfu Nb) and 3.2% Na 2 O (0.21 apfu Na), titanite-III, with up to 9% ZrO 2 (0.15 apfu Zr) and zoned from 12.4 to 2.2% Nb 2 O 5 , and (Nb-Zr)-poor titanite-IV, with up to 3.6% Al 2 O 3 and 2.2% Fe 2 O 3 . In titanite-II, substitution of Nb at the octahedral site is accompanied by Na at the seven-fold site and, probably, by (F,OH) -and vacancies. A compositional analogue of titanite-III, and synthetic titanite containing 0.25 apfu Zr, similar to the most Zr-rich titanite known, have been prepared by standard ceramic techniques, and their crystal structure determined by Rietveld refinement of powder X-ray-diffraction patterns. The synthetic variants doped with Zr, or with Zr, Na, and Nb, adopt space group A2/a, and consist of distorted YO 7 polyhedra, XO 6 octahedra, and SiO 4 tetrahedra. The (Ca 0.85 Na 0.15 ) (Ti 0.70 Zr 0.15 Nb 0.15 )OSiO 4 analogue of natural titanite from the Rasvumchorr zeolite vein contains the least-distorted coordination polyhedra. The polyhedra in Ca(Ti 0.75 Zr 0.25 )OSiO 4 are moderately distorted, and the most strongly distorted polyhedra are those in the CaTiOSiO 4 end-member.
INTRODUCTION
Titanite, ideally CaTiOSiO 4 , has the general formula XYOSiO 4 . It is a typical accessory orthosilicate in many alkaline rocks, and is common in nepheline syenites, some of which are large potentially economic deposits of low-grade titanium ore (Kulakov 1981) . In titanite, a simple isovalent diadochy is commonly inferred to occur between Zr 4+ and Ti 4+ at the octahedral site, whereas the substitution of Nb 5+ and Ta 5+ is complex, and requires concomitant charge-balancing substitutions at the same or other sites.
In this paper, we present a description of the paragenesis and composition of the most (Na-Nb)-rich titanite yet discovered, together with an unusual Zr-rich titanite, occurring on Mount Rasvumchorr, in the Khibina peralkaline complex, Kola Alkaline Province, northwestern Russia. Titanite described by Č erný et al. (1995) in a granite pegmatite contains considerably more total Ta plus Nb, but its composition is dominated by Ta. Recently, Chakhmouradian et al. (2003) described zirconian titanite from the Afrikanda ultramafic-alkaline complex, also in the Kola alkaline province, containing 15.3 wt.% ZrO 2 (0.26 apfu Zr), this being the highest level of Zr yet reported. In this work, crystalstructure data are presented for (F,OH)-free synthetic titanite doped with (Na + Nb) or Zr (or both). Of these, one compound is similar to natural (Na-Nb-Zr)-rich titanite from the Rasvumchorr occurrence, and another is similar to the most strongly zirconian titanite known.
Titanite is one of a few H 2 O-poor to anhydrous species that hosts a range of high field-strength elements (HFSE) in peralkaline rocks and their derivatives. This work is a further contribution to the mineralogy, geochemistry, and crystal chemistry of phases hosting incompatible elements in alkaline complexes, and is the first to characterize the mode of accommodation of Na, Nb, and Zr in the titanite structure.
REVIEW OF THE STRUCTURAL FORMULA
The titanite structure is tolerant to a wide range of isomorphic substitution, according to Sahama (1946) and recent studies (e.g., Oberti et al. 1991 , Č erný et al. 1995 , Perseil & Smith 1995 , Reguir et al. 1999 , Chakhmouradian et al. 2003 . The entry of the following elements in the structure has been documented (elements present in quantities ≥0.1 atoms per formula unit [apfu] There are no structural data on the incorporation in titanite of elements another than Sn, VI Si, Al, the REE (very limited range for La and Dy), F, and OH. Nevertheless, the structural characteristics of titanite hosting high-field-strength elements are of importance; for example, Ringwood et al. (1988) have proposed that titanite-structured ceramics can be used for the disposal of nuclear waste. Evaluation of this proposal requires comprehensive experimental work on the crystal chemistry of titanite, and in particular on the entry of the HFSE and fission products into the structure.
Natural occurrences of HFSE-rich varieties of titanite are listed in Table 1 ; they form only in parageneses related to highly evolved igneous systems. To date, Ta-rich titanite has been observed only from granitic pegmatites (Clark 1974 (Clark , Č erný et al. 1995 . Niobian and zirconian varieties of titanite have been described from late derivatives related to diverse silica-undersaturated rocks, mainly peralkaline, and to carbonatite complexes (Chakhmouradian et al. 2003) .
OVERVIEW OF THE CRYSTAL STRUCTURE AND PHASE TRANSITIONS OF TITANITE
The structure of titanite ( Fig. 1) is based on kinked chains of corner-linked YO 4 (O,F,OH) 2 octahedra sharing the O(1) anions (the bridging oxygen) parallel to the crystallographic [100] axis. These octahedra are crosslinked by isolated SiO 4 tetrahedra. Irregular XO 7 polyhedra form interlacing chains sharing edges via couples of oxygen anions and extend down [101] (Speer & Gibbs 1976 , Taylor & Brown 1976 ). The YO 6 and XO 7 chains are interconnected by shared edges. The titanite structure may be considered as a [YOSiO 4 ] 2-framework with irregular cavities enclosing X(Ca) cations in sevenfold coordination.
At ambient conditions, in the P2 1 /a structure of CaTiOSiO 4 , all VI Ti 4+ cations occur in off-center positions. The Ti cations are displaced coherently (in the same direction, +a) within an individual TiO 6 chain, but in opposite directions between neighboring chains, resulting in antiferroelectric interactions (Speer & Gibbs 1976 , Kek et al. 1997 . In this structure, there are two different Y-O(1) distances, resulting in regularly alter-
tances along the chains of YO 6 octahedra. According to Kunz & Brown (1994) , the displacement of VI Y(Ti) cations "out of their otherwise regular octahedron coordination" is caused by an electronic second-order Jahn-Teller effect occurring around the octahedrally coordinated cations of this d 0 transition metal. Kek et al. (1997) considered the ordering of Ca in the VII X site as a trigger for the antiferroelectric displacement of the VI Y(Ti) cations in low-temperature CaTiOSiO 4 .
The phase transitions known in titanite can be induced by either an increase in pressure, or temperature, or both (Kunz et al. 1996 , Kek et al. 1997 , Angel et al. 1999 . They may also be induced by compositional changes involving the single YO 6 site, or complex sub-stitutions involving the YO 6 + O(1) or XO 7 + YO 6 sites (Higgins & Ribbe 1976 , Speer & Gibbs 1976 , Troitzsch & Ellis 2002 . The PT-driven transitions of the CaTiOSiO 4 end-member are stepwise and culminate in centering of the octahedrally coordinated atoms in the YO 6 polyhedra due to equalization of the Y-O(1) and Y-O(1') distances at P ≥ 3.5 GPa or T > 825 K (Kunz et al. 2000 , Malcherek 2001 , and in oscillations of the VII X cation between two positions (Kek et al. 1997 ). An intermediate non-quenchable transition between 496 and 825 K , Van Heurk et al. 1991 , Salje et al. 1993 results from loss of long-range order and creation of antiphase boundaries between O(1)-Y-O(1') dipoles, leaving domains of P2 1 /a symmetry on the unitcell scale, but an overall, pseudocentered A2/a symmetry on a long-range scale (Taylor & Brown 1976 , Higgins & Ribbe 1976 , Speer & Gibbs 1976 , Kunz et al. 1996 , Hughes et al. 1997 , Troitzsch et al. 1999 . The position of the VII X cation is split in this intermediate phase (Kek et al. 1997) . Troitzsch & Ellis (2002) labeled the low-temperature phase with space group P2 1 /a ␣-titanite, the intermediate A2/a phase as ␤-titanite, and the high-PT phase with "true A2/a symmetry" as ␥-titanite. A further temperature-driven phase transition is possible above 1150 K (Chrosch et al. 1997) . Conventionally, the ␣ → ␤ transformation is called the P2 1 /a to A2/a phase transition, bearing in mind that it probably does not strictly represent the entire P2 1 /a → A2/a transformation (Troitzsch & Ellis 2002) .
In pure CaTiOSiO 4 , different types of polyhedra have different responses to high pressure and temperature. The SiO 4 tetrahedra show a strong angular distortion with only minor change in bond lengths, whereas the polymerized CaO 7 polyhedra are significantly distorted and the TiO 6 octahedra rotate rigidly (Kunz et al. 2000) .
Compositionally driven phase-transitions in titanite are similar to those driven by high pressure or high temperature. At ambient conditions, entry of VII REE 3+ stabilizes the ␤ polymorph more readily than substitutions at the octahedral site; ␤-titanite can be stabilized with as little as 5 mol.% VII Dy 3+ coupled with 5 mol.% charge-balancing VI Al 3+ (Hughes et al. 1997 ). In the case of substitutions at the octahedral site balanced by an equal amount of F -at the O(1) site, the ␤ polymorph dimorph becomes stable where VI Al 3+ exceeds 9 mol.% (Troitzsch et al. 1999) , and a further ␤ → ␥ type of transformation might be expected for a more Al-rich titanite.
PARAGENESIS OF NA-, NB-AND ZR-BEARING TITANITE Rarely encountered variants of titanite enriched in Na, Nb, and Zr occur in a natrolite vein cutting leucitenormative kalsilite-nepheline rischorrite at Mount Rasvumchorr, Khibina peralkaline complex, Kola Province, northwestern Russia. This vein was recognized 25 years ago (Men'shikov et al. 1979) as an occurrence of titanite, a priderite-group barian titanate now established as henrymeyerite (Mitchell et al. 2000) , leucophanite, titanian "hydrogarnet", kassite, and other rare mineral species. The rischorritic host-rock differs from other poikilitic feldspathoid-bearing syenites of the Khibina complex in having high K contents (8.21 to 15.4 wt.% K 2 O), a molar K:Na ratio of up to 2.6, and by the presence of normative leucite, kalsilite and wadeite (Arzamastsev 1994) . X-ray diffractometry coupled with compositional data show that the rock contains up to 15-20 vol.% kalsilite (Kozyreva et al. 1990 ). The genesis of this ultrapotassic kalsilite-nepheline syenite is not understood. It might originate either by intense potassium metasomatism of precursor syenites or the formation of a K-rich residual liquid derived by fractional crystallization of nepheline. Removal of the latter from the magma chamber as a crystal mush might give rise to the urtite and juvite series of sodic nepheline syenites (Ivanova & Arzamastsev 1985) . Such ultrapotassic rischorrite has been mapped as a few linear zones 0.5-1.2 km in width and up to several km in length within the main urtite -juvite -rischorrite sequence (Kozyreva et al. 1990) , which forms the hanging wall of the giant apatite-nepheline Rasvumchorr deposit in the central part of the Khibina complex.
Unusual HFSE-rich variants of titanite occur as granular aggregates and wedge-shaped single crystals ranging from a submillimetric size up to 4 cm in length and embedded in columnar natrolite. The core of the titanite aggregates is composed of an early honey-yellow to brown titanite (henceforth, titanite-I), which is euhedral but shows some corrosion at the contacts with the later generations of minerals. Titanite-I is invariably mantled by greenish to grey titanite with a high reflectance. Small grains of the latest titanite cannot be distinguished by eye from the natrolite matrix as they are water-clear and colorless. The outermost zones of the titanite aggregates, and some areas along cracks, are of a milky white color, with a dull luster. All generations of titanite observed in the Rasvumchorr occurrence exhibit widely variable composition (see below). Aggregates are intimately intergrown (Figs. 2a, b) , and do not provide homogeneous material suitable for crystalstructure study.
The titanite-bearing paragenesis consists of large single crystals of bronze-brown astrophyllite, which are commonly split at the edges into a series of parallel in contact with titanite aggregates with no evidence of corrosion or replacement. Textural relationships show the earliest generation of betafite to have formed prior to the late generations of titanite. Banalsite forms single anhedral grains up to 0.3 mm in length that are not visually distinguishable from the zeolite matrix. The banalsite grains are poikilitic and contain abundant inclusions of natrolite. Anhedral pyrrhotite and chalcopyrite, mostly altered and replaced by a mixture of Fe-Mn oxides, occur near to the contact with the wallrock syenite. The natrolite vein was affected by late faulting along the axial zone and contacts, and was injected by hydrothermal solutions. This resulted in the fragmentation, alteration, replacement and cementation of all primary minerals, including titanite.
ANALYTICAL METHODS
All mineral compositions were determined by energy-dispersion X-ray Spectrometry (EDS) using a JEOL JSM-5900 scanning electron microscope (SEM) equipped with a Link ISIS 300 analytical system incorporating a Super ATW Element Detector (133 eV FwHm MnK). Raw EDS spectra were acquired for 130 s (live time) with an accelerating voltage of 20 kV, and beam current of 0.475 nA monitored on a Ni standard. The spectra were processed with the LINK ISIS-SEMQUANT software package, with full ZAF corrections applied. The following well-characterized mineral and synthetic standards were used: jadeite (Na), loparite (Ce, La, Pr, Nd), lueshite (Nb), orthoclase (K), corundum (Al), benitoite (Ba), ilmenite (Fe, Ti), hematite (Fe), periclase (Mg), zircon (Zr), wollastonite (Ca), metallic Mn (Mn), Ta (Ta), silicate glass standard DJ-35 (Si), synthetic YF 3 (Y, F), and SrTiO 3 (Sr). A multielement standard for the REE was used, as it provides more accurate data than single-REE standards with EDS spectrum-stripping techniques. However, peak profiles used for the analytical lines were obtained using individual REE fluoride standards. The accuracy of the EDS method was cross-checked by wavelength-dispersion electron-microprobe analysis (WDS-EMPA) using an automated CAMECA SX-50 instrument (University of Manitoba) following methods described by Mitchell & Vladykin (1993) . In addition, the accuracy of analytical results was checked every 1-1.5 hour on well-analyzed minerals such as lueshite, perovskite, loparite, eudialyte, benitoite, villiaumite and natrolite, studied in several laboratories by WDS-EMPA.
Special care was taken to avoid inclusions of niobian and zirconian phases in the samples of titanite analyzed. Inclusions larger than 0.5-0.1 m were not detected by back-scattered-electron (BSE) imagery. Because of the sodic composition of Nb-rich titanite and its synthetic analogue, and low totals of cations in some natural samples of titanite, care was taken to minimize any possible volatilization of Na during analyses by employing raster scanning and by reducing counting periods. Reproducibility (within analytical errors) of the compositions of the Na-rich titanite using the above approach demonstrates the compositional features of such titanite to be real. The reliability of the Na results was crosschecked by analyzing natrolite adjacent to the titanite every 1-1.5 hours. Stoichiometric compositions were obtained for this sodic zeolite, leaving no doubt that the data on Na content of the titanite are reliable.
Variants of titanite rich in high field-strength elements have been synthesised by solid-state ceramic techniques from stoichiometric amounts of TiO 2 , Nb 2 O 5 , ZrO 2 , CaSiO 3 , and Na 2 CO 3 (Alfa Aesar Chemical Co., high-purity grade); the latter component was taken with a 5 mol.% excess to compensate for volatilization of Na. The reagents, dried at 120°C for several days, were mixed, ground in an agate mortar under acetone, and calcined in air for 24 h at 1000°C. After regrinding, the samples were pelletized, and then heated in air for 96 h, with grinding every 48 h. The temperature of the synthesis was individually tailored for each sample using duplicates for the determination of solidi at ambient pressure (with a step of 20°C). The solidstate (subsolidus) synthesis of all the samples was performed at temperatures 10-20°C below their solidi.
Step-scanned powder X-ray-diffraction (XRD) patterns of the synthetic products were obtained at room temperature using a Philips 3710 diffractometer (T = 20°C, radiation CuK␣, 2 range 9°-145°, 2 step 0.02°; time per step 2 s) with an APD powder-diffraction software. In addition, high-resolution XRD patterns were obtained in the 2 range 31.7°-33.4° (⌬2 step 0.005°; time per step 30 s).
The XRD patterns were inspected using the Bruker AXS EVA diagnostic software. Data were further analyzed by Rietveld methods using the TOPAS 2.1 software (Kern & Coelho 1998) . Refined variables included: zero corrections, scaling factors, cell dimensions, positional coordinates of the atoms, preferred orientation corrections, and isotropic thermal parameters (the latter were kept equal for all oxygen anions).
The ATOMS-6.0 software package (Dowty 1999 ) was used to determine interaxial angles describing the distortion of coordination polyhedra and selected bondlengths. We employed the IVTON program (Balić-Zunić & Vicković 1996) to characterize the coordination spheres of the cations, volumes of coordination polyhedra, and displacements of cations from the centers of coordination polyhedra.
COMPOSITIONAL VARIATIONS IN THE KHIBINA TITANITE
At least four consecutive generations of titanite, differing greatly in composition and forming discontinuous concentric zones, which are corroded and cemented by later generations of titanite, are best distinguished using BSE imagery (Fig. 2) . Representative compositions of titanite are given in Table 2 . The compositions in this table are numbered from the center toward the margin of the complex aggregates of titanite analyzed. Figure 3 shows a comparison of the titanite compositions from the Mount Rasvumchorr vein with previously published data on HFSE-rich varieties of titanite in terms of substitutions at the octahedral site. As the titanite variants studied in this work do not contain detectable Ta, the sum Nb + Ta actually refers only to Nb in our data. It is evident that VI Zr and VI Nb do not substitute for VI Ti to the same extent in the different generations of titanite (Fig. 3a, see below) , and the valence-excess substitution, VI Nb 5+ → VI Ti 4+ , is followed by a valence-deficient scheme, VI (Al,Fe t ) 3+ → VI Ti 4+ from early to late generations of titanite (Fig. 3b) . A noteworthy feature of the Rasvumchorr titanite is its low REE content, which is much below of that found in counterparts from other peralkaline syenites and alkaline rocks (e.g., Russell et al. 1994 , Della Ventura et al. 1999 , Chakhmouradian & Mitchell 1999 ). Of the rare-earth elements, only Ce was detected, with the highest concentrations (0.6-1.0 wt.% Ce 2 O 3 ) found in niobian titanite associated with the early generation of betafite (see below).
Titanite-I occurs as a euhedral core within the titanite aggregates or as zoned crystals (shown in blue on Fig. 2b) . It contains very few minor constituents, among which only Nb reaches detectable levels (≤0.8 wt.% Nb 2 O 5 , #1, 2 in Table 2 ; Figs. 3a, b) . Titanite-I is slightly corroded, and invasive embayments are filled with later generations of titanite transitional from HFSE-rich to aluminous compositions (see below).
BSE images show that the (Na-Nb)-rich titanite (titanite-II) forms fragmented drusy aggregates mantling euhedral titanite-I crystals (Fig. 2b , orange to red and pink colors). The titanite-II fragments are not displaced, and are cemented by the same or later generations of titanite. Titanite-II is strongly enriched in Nb (up to 16.4 wt.% Nb 2 O 5 , or 0.25 apfu Nb, see Table 2 , #5), and Na (up to 3.2 wt.% Na 2 O, or 0.21 apfu Na). Titanite-II demonstrates a continuous enrichment in Zr outward in the concentrically zoned aggregates, which are 75-120 m in thickness. Over this distance, Zr increases from 1.2 to 3.9 wt.% ZrO 2 ( (Fig. 3b) . A combination of Na + plus trivalent cations in the most niobian titanite is very close to the abundance of VI Nb 5+ (Fig. 4) , with some inferred replacement of O(1) by monovalent anions (F -and OH -) or vacancies.
A plot of Nb (+Ta) versus (Al,Fe) 3+ + Na + (Fig. 4 ) demonstrates the complex compositional characteristics of titanite-II. The earliest, inner parts of this titanite, which have the most Nb-rich compositions, plot on, or in the vicinity of, the 1:1 substitution line involving both VII Na + and VI (Al,Fe) 3+ as charge-balancing cations (trend along line 2-2). Moving from core to margin of the niobian titanite-II aggregates, within the more-orless uniform areas, we found some intermediate and marginal zones with compositions plotting below the 1:1 substitution line. This part of the titanite-II composition field shows a trend nearly parallel to the 1:1 substitution line (trend along line 2'-2' on Fig. 4) . The fact that the proportion of Na + greatly exceeds that of (Al,Fe) 3+ in titanite-II ( Sanseverino 1972 , Paul et al. 1981 , Russell et al. 1994 , Della Ventura et al. 1999 , or the presence of some vacancies at the VII X site ( (1) 2-does occur, as assumed for Na-Nb-rich titanite described from hydrothermally altered nepheline syenite pegmatite at Pegmatite Peak, Bearpaw Mountains, Montana (Chakhmouradian & Mitchell 1999) . Unfortunately, the morphology of the titanite aggregates, which consist of complexly intergrown variants of diverse composition, does not provide homogeneous representative samples of the "Na-excess" titanite-II for the study of its anionic composition by infrared spectroscopy. In contrast, marginal zones of fragmented titanite-II aggregates and some inner areas along the cracks show compositions plotting above the 1:1 substitution line (Fig. 4 , trend along 2"-2" line), i.e., a deficiency of "balancing cations" as compared to VI Nb 5+ . The discontinuous morphology of these zones, resulting from numerous cracks cemented with titanite of the same or later generation(s), suggests that some inner areas of titanite-II druses might have experienced alteration during the complex fragmentation-cementation processes, resulting in an inbalance between Nb 5+ and (Al,Fe) 3+ + Na + , most probably, by removal of Na. There is a compositional gap between the outermost, Zr-rich zones of the titanite-II, and the next generation (Figs. 2b, 3, 4) , which evolved from zirconian niobian to zirconian titanite. The latter is considered as titanite-III (green and yellow on Fig. 2a and Fig. 2b , respectively), and appears as concentric zones, mantling and cementing titanite-II aggregates (Fig. 2b) , or as concentric zones in the cores of single crystals embedded in natrolite (Fig. 2a) .
In common with titanite-II, the compositions of earliest titanite-III plot on, or in the vicinity of, the 1:1 substitution line on Figure 4 (trend along the line 3-3) and evolve along this line as the content of Nb and "balancing cations" decreases coherently. Evolution along the 1:1 substitution line is typical for most areas of titanite-III. There is another trend within the compositional field of the titanite-III, observed at the margins of aggregates (line 3-3'), caused by a stepwise depletion in Nb and some enrichment in (Al,Fe) 3+ , resulting in a steeper slope than the 1:1 substitution line (Fig. 4) . The outermost parts of the titanite-III have compositions trending toward the 1:1 substitution line (short trend 3'-3"). We interpret this observation to reflect the possible increasing role of charge-balancing (F,OH) -anions or vacancies, as proposed above for the altered areas of titanite-II.
The latest generation, titanite-IV, distinguished on a compositional and morphological basis, is considerably enriched in Al, contains relatively low amounts of Zr and Nb, and is "depleted" in Na relative to all other generations ( (Della Ventura et al. 1999 , and references therein), as typically observed in titanite occurring in low-temperature metamorphic rocks.
There is a transitional variant (perhaps variants) of titanite, mantling, and probably replacing the primary HFSE-rich generations. This type is moderately enriched in HFSE and shows wide variations in cationic compositions (patchy green to yellowish areas in Fig.  2b ). Development of this transitional titanite within the aggregates of titanite (Fig. 2b) implies that it formed during fracturing and partial replacement of aggregates of the precursor HFSE-rich titanite. The latter agrees with compositional characteristics, shown in Figure 3 . This titanite forms a diffuse transitional compositional field between fields of titanite-III and titanite-IV.
MINERALS ASSOCIATED WITH NA-, NB-AND ZR-BEARING TITANITE
Henrymeyerite is abundant in the paragenesis with titanite-II. The mineral has a composition almost identical to that of the holotype (Mitchell et al. 2000) . Crystallochemical characteristics, calculated upon the basis of 16 atoms of oxygen (Table 3, 2+ substitutions involving the VI C sheet-forming sites, coupled with less intense K + ↔ Na + substitution at the X-XIII A site (Table  3 , #2, 3; for site designation, see Piilonen et al. 2003) . At nearly constant Fe 3+ content, the Mn:Mg ratio evolves from 1.28 in center of the astrophyllite crystals to 0.95 at their margin. The Na/(Na + K) value does not change appreciably from core to margin. There is no systematic enrichment of astrophyllite in Zr, Nb, Na, and Mn as described from other undersaturated rocks (Piilonen et al. 2003) . Zirconium slightly decreases, whereas niobium slightly increases from the center to the margin of the crystals. Fluorine is observed, but its concentration was not established quantitatively because of overlap of FK␣ with L␣ lines of transition metals in the EDS spectra.
Banalsite, discovered in the Rasvumchorr zeolite vein hosting the Na-, Nb-and Zr-rich titanite, is the first occurrence of this rare species in the Khibina complex. The banalsite has nearly the pure end-member composition, and contains no more than 0.7 wt.% SrO (Table 3, #4) .
Rock-forming columnar natrolite, comprising about 90-95 vol.% of the vein, is of near-ideal composition. The mean of 12 compositions is given in Table 3, #5) .
There are two generations of pyrochlore-group minerals differing in composition (Table 4) . These occur in the radiating cores and rims of the same spherulitic aggregates. According to the classification scheme proposed by Hogarth (1989) , an earlier generation, associated with titanite-II, is regarded as lanthanian "ceriobetafite" (Ti >> 2Nb, both Ce and La > 0.2 apfu, Ce > La). The quotation marks signify that "ceriobetafite" is not approved by the CNMMN, IMA. The mineral contains considerable Y and Nd (Table 4, #1) .
The second generation of pyrochlore is ceroan yttrobetafite. This rare species has not previously been observed in the Khibina and Lovozero peralkaline complexes. Yttrobetafite (betafite-II) coexists with the zirconian titanite (titanite-III). The mineral has Nb < 2Ti, contains 0.29 apfu Y, 0.04 apfu Zr, and shows some depletion in REE in marginal zones at nearly constant Ca (Table 4 , #2, 3). Both generations of betafite are represented by A-site-deficient Si-bearing varieties and contain insignificant Ba, Sr, Fe, Mn and Al. Tantalum, U and Th are below the detection limit. The deficiency at the A site increases from 1.04 apfu in the "ceriobetafite" to 1.17 apfu in the latest yttrobetafite, in parallel with depletion in REE (from ca. 0.59 to 0.15 apfu, respectively). Yttrobetafite (betafite-II) contains much less F, which is, probably, replaced by OH -. The structural role of silicon in the pyrochlore structure is still uncertain (Chakhmouradian & Mitchell 2002) , and its occurrence in betafite in amounts up to 0.08 apfu Si might be due to "amorphous" (finely dispersed) structurally unbound silica (Voloshin et al. 1989) . As a result of the high A-site deficiency, the total positive charge of cations hosted in the A and B sites is less than 11.20 + (10.94 + in early lanthanian "ceriobetafite"), as opposed to the theoretical value of 13.0 + . This significant deficiency implies that both cations at the A site and anions in the Y site (O and F+OH) were removed, probably as a result of deuteric leaching. The extent of this alteration of the Rasvumchorr betafite is comparable to that described recently for uranoan pyrochlore from unweathered murmanite lujavrite in the Lovozero peralkaline complex (Chakhmouradian & Mitchell 2002) , but differs from A-site-deficient pyrochloregroup minerals from unweathered lujavrite in the subvolcanic Pilansberg peralkaline complex, South Africa (unpubl. data).
The reason for the strong depletion of hydrothermal solutions in Ce and La, and their enrichment in Y, which occurred between the stage of crystallization of "ceriobetafite" and that of yttrobetafite, is unclear. This process might be similar to the fractionation of REE and Y in peralkaline rocks during their evolution toward exotic hyperagpaitic derivatives (Khomyakov 1995 , Pekov 2001 . Commonly, fractionation of lanthanides in the Khibina, Lovozero, and Pilansberg peralkaline agpaitic complexes results in exotic La mineralization consisting of rare silicates (nordite group, cerite, etc.), carbonates (bastnäsite, ancylite, among others), and phosphates (belovite, vitusite, rhabdophanite) . Yttrium mineralization appears in the most evolved pegmatites in the Lovozero and Khibina complexes (Khomyakov 1995 , Pekov 2001 , and is associated with the latest sodic (hyperagpaitic) hydrothermal and epithermal parageneses. The close association of HFSE-rich titanite with yttrium mineralization in the Rasvumchorr zeolite vein indicates that these rare variants of titanite formed from the most evolved low-temperature hydrothermal solutions derived from the nepheline syenitic magma.
SYNTHETIC ANALOGUES OF ZR-AND (NA-NB-ZR)-RICH TITANITE
The designations, empirical formulae, temperature of synthesis and crystallochemical characteristics of the synthetic analogues of Zr-and (Na-Nb-Zr)-rich titanite prepared are given in Table 5 . Positional and thermal parameters of the TtnZr 25 and RSV Syn samples are listed in Table 6 . Selected bond-lengths in the coordination polyhedra are given in Table 7 . The pure titanite endmember, CaTiOSiO 4 (Ttn Syn ), was synthesized as a reference material to assess the accuracy of the refinement procedure. The unit-cell dimensions and crystallochemical parameters of this titanite agree well with synchrotron-derived data published by Kek et al. (1997) for synthetic CaTiOSiO 4 (Tables 5, 7 ). Figure 5 illustrates high-resolution X-ray-diffraction patterns for all titanite samples synthesized over the range of 31.7-33.4° 2. Diffraction peaks in this region are observed only in the pattern obtained for CaTiOSiO 4 , and can be attributed to the 22 -1 and 22 -2 reflections in space group P2 1 /a. These k + l = odd reflections are not permitted in space group A2/a (e.g., Kunz et al. 1996) . Thus we interpret the absence of the diffraction peaks in the patterns of the Zr-and (Na-NbZr)-bearing titanite (TtnZr 25 and RSV Syn ) to imply that entry of Zr into the titanite structure alone or in combination with Na plus Nb at ambient conditions results in a phase transition from P2 1 /a to an A2/a structure.
RIETVELD REFINEMENTS
We used the atom coordinates of Kek et al. (1997) as a starting model for Rietveld refinement of the P2 1 /a-structured CaTiOSiO 4 end member, and those given by Oberti et al. (1991) for A2/a-structured Zr-and (Na-Nb-Zr)-rich variants of titanite. Figures 6a and 6b show portions of the Rietveld refinement plot for the TtnZr 25 and RSV Syn samples, respectively. All the structure refinements were performed with data for the full 9-145° 2 range). Entry of Zr or (Na + Nb) or both into the titanite structure results in larger unit-cell parameters, with the most significant increase in the a parameter (along the chains of YO 6 octahedra, Fig. 1 ). The RSV Syn has the greatest unit-cell dimensions c and a. The TtnZr 25 titanite has the largest b unit-cell dimension, greatest ␤ angle, and the largest unit-cell volume (Table 5) .
In common with high-pressure -high-temperature titanite and samples of titanite doped with (Al,Fe + F,OH) or (REE + Al), a P2 1 /a → A2/a phase transition in the titanite varieties doped with Zr and (Na-Nb-Zr) might actually be more complex than revealed by a powder X-ray-diffraction study. This transition might be due to long-range disorder, i.e., antiferroelectric to paraelectric ␣ → ␤ transition (Speer & Gibbs 1976 , Oberti et al. 1991 ,Van Heurk et al. 1991 , Hughes et al. 1997 , Kek et al. 1997 , Troitzsch & Ellis 2002 , which is due to the loss of coherency in the displacement of the VI Y cations and their "pseudocentering". There is also the possibility of a composi-tionally driven ␣ → ␥ transition, due to the real centering of VI Y cations. However, conclusions as to the nature of the centering of the VI Y cations, and discrimination between the A2/a-structured ␤ and ␥ polymorphs (Troitzsch & Ellis 2002) , are not possible using routine powder X-ray-diffraction techniques.
Geometry of the sites
The distortion index ⌬ n is used to characterize the bond-length distortion in a polyhedron, and defined as ⌬ n = 1/n ⌺{(r i -r) / r} 2 • 10 3 , where r i and r are individual and average bond-lengths in the given polyhedron, respectively (Shannon 1976) . To characterize deviations from the ideal bond-angles in regular polyhedra (90° and 109.47° in an ideal octahedron and tetrahedron, respectively), we calculate bond-angle variances, ␦ n = ⌺[( i -ideal ) 2 /(n -1)], where i are the bond angles at VI Y or IV Si central atoms (Robinson et al. 1971) . Polyhedron-volume distortion, n , is calculated using the IVTON software (Balić-Žunić & Vicković 1996) relative to ideal polyhedra with the same coordination numbers and inscribed in a sphere with the radius r s (average distance from the relevant centroid to ligands (Makovicky & Balić-Žunić 1998) . The calculated indices, plus selected bond-lengths and some framework angles, are listed in Table 5 .
The tetrahedral site
The samples of synthetic titanite have statistically identical <Si-O> bond lengths (Table 5 ). The tetrahedron volumes are similar for Ttn Syn and TtnZr 25 , and slightly smaller for the RSV Syn sample which, in addition, demonstrates the least amount of bond-length distortion and bond-angle variance in the tetrahedra. Both parameters regularly decrease with the replacement of (Zr,Nb) for Ti in the adjacent octahedral site. The bondangle variance shown by the tetrahedral site in the Ttn Syn and TtnZr 25 titanite samples is similar or slightly lower than the value obtained by Troitzsch & Ellis (1999) , ␦ 4 = 17.08, for the high-pressure synthetic CaAlFSiO 4 analogue of titanite.
Although variations of bond angles and edges of tetrahedra are typical for most minerals in the titanite group, few unequal Si-O distances have been described to date (Hollabaugh & Foit 1984 , Oberti et al. 1991 , Troitzsch & Ellis 1999 . The difference between the shortest and longest Si-O distances in our synthetic Zrand (Na-Nb-Zr)-bearing samples is between 0.01 and 0.04 Å, and thus similar to that of most samples of titanite.
The octahedral site
The kinking of the chains of octahedra is not affected by entry of Na + (Nb,Zr) into the structure, as the pivoting Y-O(1)-Y angle is similar for RSV Syn and Ttn Syn . (Table 5) .
There is an increase in the mean VI Y-O distance and YO 6 volume with extent of Zr-for-Ti substitution, from 1.97 Å and 10.10 Å 3 to 2.02 Å and 10.90 Å 3 , in the titanite end-member and the zirconian titanite (TtnZr 25 ), respectively. The RSV Syn has a mean VI Y-O distance (1.99 Å) close to that of the CaTiOSiO 4 end-member, and the YO 6 coordination-polyhedron has an intermediate volume (10.51 Å 3 ; Table 5 ). The amount of bond-length distortion in the octahedra (⌬ 6 ) is comparable with that in the seven-fold site. Bond-angle variance (␦ 6 ) is less than that in the tetrahedra, whereas the volume distortion of the octahedra ( 6 ) is comparable with that of the tetrahedra, and much less than that of the seven-fold site (Table 5 ). All the distortion parameters for the octahedral site decrease slightly with replacement of VI Ti 4+ by the larger VI HFSE cations.
The similarity in the extent of distortion of octahedra in the P2 1 /a-structured CaTiOSiO 4 and A2/a-structured RSV Syn and TtnZr 25 implies that the geometrical distortion of the YO 6 coordination polyhedron in titanite studied here is not significantly affected by single-site isovalent or two-site heterovalent substitutions, which result in centering (or pseudocentering) of the VI Y cations in the HFSE-rich variants of titanite. As is evident from Table 5 , the synthetic titanite RSV Syn has the lowest values, and the TtnZr 25 titanite has moderate distortions of octahedron bond-lengths, angles, and volume.
The XO 7 coordination polyhedron
Considerable increase in the mean bond-lengths and volume of the XO 7 polyhedron is observed for the RSV Syn titanite, in which 15% of positions in the XO 7 site are occupied by VII Na + , which is slightly larger than VII Ca 2+ (1.10 Å versus 1.06 Å, respectively : Shannon 1976) . Single-site substitution of the relatively large VI Zr 4+ cation (0.74Å) affects the XO 7 polyhedron to a much lesser extent (Table 5) . As illustrated by the polyhedron bond-length distortion (⌬ 7 ; Table 5), the XO 7 polyhedron in titanite TtnZr 25 is less distorted than that in the pure titanite end-member. The smallest bondlength distortion of the XO 7 polyhedron is obtained for titanite RSV Syn . The volume-distortion parameter, 7 , is not affected by any of the cation-substitution schemes studied here, and is much greater than the indices calculated for YO 6 and SiO 4 polyhedra in all the synthetic variants of titanite.
CONCLUSIONS
Low-temperature titanite with significant contents of Zr, Al, Fe, and the highest known content of Na and Nb have been recognized in a zeolite vein cutting ultrapotassic rischorrite at Mount Rasvumchorr, Khibina
